2 Phosphorylation of the p53 tumor suppressor protein is likely to play an important role in regulating its activity. Serine 15 phosphorylation of p53 leads to a stabilization of p53 by reducing its interaction with MDM2, a negative regulatory partner. Recently, p53 was reported to be activated and phosphorylated at serine 15 following UV radiation.
LipofecAmine (Gibco BRL) following the manufacturer's instructors. The stable transfectants were obtained by selection for G418 resistance (300 µg/ml) and further confirmed by assay of respective activity as described (24, 31, 41) .
Coimmunoprecipitation Assay-To study the effect of UVB radiation on the interaction of ERKs or p38 kinase with p53 as well as the phosphorylation of p53 at serine 15 on p53-MDM2 interaction in vivo, p53 protein, ERKs or p38 kinase was first immunoprecipitated with a specific antibody against p53, ERKs or p38 kinase, respectively. The immunocomplex was then analyzed by SDS-PAGE and immunoblotted with the appropriate antibodies. Briefly, JB6 Cl 41 cells or transfectants were cultured in 100-mm dishes with 5% FBS MEM until they were 80-90% confluent. Then, the cells were starved by culturing them in 0.1% FBS MEM for 24 h. The cells were exposed to UVB radiation to induce p53 phosphorylation at serine 15 and then were lysed on ice for 30 min in lysis buffer (20 mM Tris pH 7.4, 150 mM MaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM β-glycerolphosphate, 1 mM Na 3 VO 4 , 1 mg/ml leupeptin and 1 mM phenylmethylsulfonyl fluoride) and centrifuged at 14,000 rpm for 10 min in a microcentrifuge. The lysates were immunoprecipitated using monoclonal mouse IgG against p53, ERK2 or p38 antibodies and protein A/G plus-agarose. The beads were washed extensively to eliminate nonspecific binding, and levels of phosphorylated proteins of p53 at serine 15, p53 and MDM2 proteins, ERKs and p38 kinase, as well as phosphorylated ERKs and p38 kinase, were selectively measured by western immunoblotting using a specific antibody and chemiluminescent detection system.
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incubator. The cells were exposed to UVB (4 KJ/m 2 ) and cultured for an additional 30 min.
Then, the cells were washed once with ice-cold phosphate-buffered saline and lysed in 300 µl of the lysis buffer. The lysates were sonicated and centrifuged and the supernatant fraction was incubated with the specific ERKs, p38 kinase or p53 antibody with gentle rocking for 6-10 h at 4°C
and then the protein A/G plus-agarose was added and the incubation continued for another 4
h. The beads were washed twice with 500 µl of lysis buffer and twice with 500 µl of kinase buffer (25 mM Tris pH 7.5, 5 mM β-glycerolphosphate, 2 mM DTT, 0.1 mM Na 3 VO 4 and 10 mM MgCl 2 ). The kinase reactions were carried out in the presence of 200 µM ATP at 30 °C for 30 min using 2 µg of Elk-1 or ATF-2 as substrate for ERKs or p38 kinase, or 5 µg of p53 as substrate for ERKs and p38 kinase. The phosphorylated proteins were detected by immunoblotting using phospho-specific antibodies.
Protein Phosphorylation Assay in Vitro-Phosphorylation of p53, Elk-1, ATF-2, or c-Jun by active recombinant ERK1, ERK2, p38 kinase or JNK2 was carried out at 30 °C for 60 min in the presence of the kinase buffer with 200 µM ATP and p53, Elk-1, ATF-2 or c-Jun as substrate.
The phosphorylated proteins were detected by immunoblotting using phospho-specific antibodies.
Assay for p53-dependent Transcription Activity-p53-dependent transcription activity was assayed by using a Cl 41 cell line stably expressing a luciferase reporter gene controlled by p53 DNA binding sequences (34, 40) . Confluent monolayers of Cl 41 p53 cells were trypsinized and 8 × 10
followed by exposure to UVB (4 KJ/m 2 ) to induce p53 activity, and cultured for an additional 24
h. The cells were extracted with lysis buffer (100 mM K 2 HPO 4 pH 7.8, 1% Triton, 1 mM DTT and 2 mM EDTA) and luciferase activity was measured using a luminometer (Monolight 2010).
The results were expressed as relative p53 activity (40) .
RESULTS

ERKs and p38 Kinase Associate with p53 Phosphorylation at Serine 15 in Response to
UVB Radiation-Previous studies indicated that JB6 Cl 41 cells contain high levels of wild-type p53 protein that could activate p53-dependent transcription in response to UV exposure (34, 40, 42) . To identify whether p53 was phosphorylated at serine 15 in cells treated with UV radiation in vivo, a phospho-specific antibody against p53 at serine 15 was used in western blot analysis (11). We found that the level of p53 phosphorylation at serine 15 reached a maximum 4-6 h following UVB radiation (Fig. 1A) . A dose response study indicated that 4 KJ/m 2 was the optimal dosage for induction of p53 phosphorylation at serine 15 (Fig. 1A) . These results are in agreement with previous findings that UV radiation leads to increased phosphorylation of p53 at serine 15 (3, 4) . Phosphorylation of both tyrosine and threonine residues in the activation segment of the kinases domain on MAP kinases is known to be essential for full kinase activity (25, 43) . Using phospho-specific antibodies against MAP kinases (24, 31), we also found that activation of MAP kinases, including ERKs and p38 kinase as well as JNKs, was observed following exposure of cells to UVB radiation (Fig. 1B ). These data suggest a possible role of MAP kinases acting upstream of p53 in a signal transduction pathway initiated by UVB radiation. This possibility is supported by studies in which ERKs or p38 kinase was coprecipitated with p53 in response to UVB stimulation ( Fig. 2A) . ERKs or p38 kinase and their activities could be detected in the p53 immunoprecipitated complex while no activity was observed in JNKs (data not shown). Conversely, serine 15 phosphorylation of p53 was detected in the ERKs or p38 kinase immunoprecipitates from UVB-treated JB6 Cl 41 cells (Fig. 2B ). The kinetics of ERKs or p38 kinase binding to p53 coincided with the kinetics of their activation induced by UVB (Fig. 1B) , and the total level of ERKs or p38 kinase in all the imunoprecipitation samples was almost the same ( Fig. 2A) . Taken together, these data show that UVB induces the formation of a complex between p53 and ERKs or p38 kinase, suggesting that the activated ERKs or p38 kinase may be responsible for p53 phosphorylation at serine 15.
Inactivated ERKs and p38 Kinase Block UVB-induced p53 Phosphorylation at Serine
15-To further determine whether phosphorylation of p53 at serine 15 requires ERKs or p38
kinase in vivo, we used two approaches to inactivate ERKs or p38 kinase. First, PD98059, a specific inhibitor of MEK1 that acts by inhibiting activation of ERKs, and SB202190, a specific inhibitor of p38 kinase, were tested for their effect on UVB-induced serine 15 phosphorylation of p53. Pretreatment with 25-100 µM of PD98059 or 1-4 µM of SB202190 markedly inhibited UVinduced activation of ERKs or p38 kinase (data not shown) and significantly inhibited the phosphorylation of p53 at serine 15 ( Fig. 3A) . In contrast, pretreament with 100-400 nM of wortmannin, which effectively inhibits DNA-PK (44) or ATM (15), did not show any inhibition of p53 phosphorylation at serine 15 ( Fig. 3B ). These data suggest that the intrinsic kinase activities of ERKs and p38 are required for UVB-induced serine 15 phosphorylation of p53. The second strategy used to inactivate ERKs or p38 kinase was to use dominant negative (DN) mutants of these MAP kinases. The Cl 41 cells stably expressing the genes were reported previously (23, 27, 31) and described in "Experimental Procedures." Overexpression of DN-ERK2 or DN-p38 kinase specifically blocked UVB-induced ERKs or p38 kinase activity (Fig. 4) .
Overexpression of DN-ERK2 has been shown to have no effect on activation of JNK and p38 kinase in DN-ERK2 tranfectants; overexpression of DN-p38 kinase had no effect on activation of
ERKs and JNKs in DN-p38 kinase transfectants (23, 27, 31) . The expression of DN-ERK2 or DN-p38 markedly abrogated p53 phosphorylation at serine 15 up to 4 h following UVB radiation (Fig. 5 ). In contrast, overexpression of dominant negative JNK1 did not result in significant inhibition of p53 phosphorylation at serine 15. These two experiments provide strong evidence that in Cl 41 cells, UVB-induced phosphorylation of p53 at serine 15 is mediated through ERKs and p38 kinase, but not other kinases such as JNKs, DNA-PK, or ATM.
Serine 15 in p53 is a Phosphorylation Site for ERKs and p38 Kinase-To test whether
ERKs and p38 kinase phosphorylated p53 at serine 15 directly, we performed immune complex kinase assays of UVB-activated ERKs, p38 kinase, and JNKs using a full length GST-p53 fusion protein as the exogenous substrate. This experiment revealed that the exogenous p53 protein was phosphorylated at serine 15 by UVB-activated ERKs or p38 kinase but not by activated JNKs (Fig. 6A ). Intriguingly, co-precipitated endogenous p53 was found in the anti-phospho-ERKs or anti-phospho-p38 kinase immunoprecipitates and could be phosphorylated at serine 15 at a level substantially above that observed in vivo at 30 min after UVB radiation (Fig. 1A) . To confirm that phosphorylation of p53 was mediated by ERKs or p38 kinase, rather than a contaminating protein kinase, we incubated the exogenous GST-p53 protein with one of several pure and activated recombinant MAP kinase family members in the presence of 200 µM ATP. The results showed that active ERK1/2 or p38 kinase could directly phosphorylate p53 protein at serine 15 in vitro, but active JNK2 did not result in phosphorylation (Fig. 6B ). Active JNK2, however, did exert its activity to phosphorylate c-Jun (Fig. 6B) . These results, taken together with the other results from this study, strongly demonstrate that ERKs and p38 kinase are direct mediators of UVB-induced p53 phosphorylation at serine 15. suppresses p53 activity at the post-translational level. Here, we found that p53 was induced by UVB radiation within 2 h and the level of p53 protein peaked at 4-6 h (Fig. 7B) . The increased levels of p53 protein correlated with the observed increase in p53 phosphorylation at serine 15 ( Fig. 1A) , confirming a previous report that the phosphorylation of p53 at serine 15 could result in accumulation of p53 protein (4). Increased MDM2 was first noted at 2 h after UVB radiation and continued to accumulate at 6 h, adding further support that MDM2 is induced in response to p53. However, the amount of MDM2 in the p53 immunoprecipitates remained at an almost constant and low level throughout the time course and was increased by pretreatment with ERKs or p38 kinase inhibitor (Fig. 7C ). These data demonstrate that serine 15 phosphorylation of p53 mediated by ERKs and p38 kinase prevents the interaction of MDM2 and p53.
Serine 15 Phosphorylation of p53 Mediated by ERKs and p38 Kinase
DISCUSSION
The p53 protein plays a critical role in cellular response to environmental stress, including various types of genomic damage. Activation of p53 in response to stress involves post-translational modification, including specific phosphorylation at serine residues within the N-terminal transactivation domain (7, 8, 49) . Phosphorylation of serine 15, a key target during p53 activation, is critical for p53-dependent transactivation (11) . Biochemical data indicate that stimulation of p53-dependent transactivation by serine 15 phosphorylation occurs through decreased binding of p53 to its negative regulator MDM2 (3) and increased binding to the p300 coactivator protein (10) . Mutation at serine 15 impaired the apoptotic activity of p53 (9) Stress activation is complex, and important differences exist in the sites and kinetics of p53 phosphorylation after UV radiation compared with γ-radiation (4, 6, 14) . DNA-PK has been shown to phosphorylate serine 15 of p53 in vitro (3) and ATM mediates the phosphorylation of serine 15 in response to γ-radiation (14) . Cells lacking DNA-PK or ATM, however, do not exhibit aberrant p53 stabilization or defects in serine 15 phosphorylation after UV radiation (4, 13, 14) . In addition, our data also shows that no inhibition of p53 phosphorylation at serine 15 was observed in cells treated with a selective inhibitor of DNA-PK or ATM (Fig. 3B) We explored the possible involvement of other MAP kinases such as JNKs, which were
shown not to be involved in phosphorylation of serine 15 of p53. The role of JNK1 appears to be more than phosphorylation, as it was recently reported to bind to and degrade p53 in an MDM2-independent fashion when this kinase is in an inactive (dephosphorylated) form (56) . Following activation by UV radiation, JNK1 inversely stabilizes and activates p53, probably by phosphorylating it at site(s) other than serine 15 (57) . The evidence from this study using JB6 cells demonstrates that activation of both ERKs and p38 kinase by UVB radiation is required for serine 15 phosphorylation of p53 and its activation. Although the significance of both ERKs and p38 kinase being required for p53 activation is not presently known, some evidence indicates that crosstalk between ERKs and p38 kinase signaling may play an important role in determining cell survival or death (18, 58) . Overall, we demonstrate for the first time that ERKs and p38 kinase can physically interact with and phosphorylate p53 at serine 15 in response to UVB radiation, both in vivo and in vitro. We propose a model in which activated ERKs and/or p38 kinase bind to p53 molecules to form a complex, leading to phosphorylation of p53 at serine 15 or other phosphorylation sites and reduced binding to MDM2, thereby enhancing its functional activities.
Collectively, our data identify ERKs and p38 kinase as direct signal mediators of p53 phosphorylation at serine 15 following UVB radiation, and both ERKs and p38 kinase are functionally required for UV-induced p53-dependent transcription.
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